The ability of extracts of urban air and vehicle exhaust particulates to bind to the dioxin receptor has been determined. It was shown that such extracts do contain significant amounts of dioxin-receptor binding activity. The level of dioxin-receptor binding found in ambient air reflects its pollution level as determined by mutagenic activity. Furthermore, it was shown that the extracts of both urban air and vehicle exhaust particulates could provoke the induction of cytochrome P4501A1 in cultured rat hepatoma cells. Chemical fractionation of the extracts revealed that the majority of the dioxin-receptor binding activity from urban air and gasoline vehicle samples fractionated with the polycyclic aromatic compounds. However, unknown polycyclic aromatic compounds were responsible for the majority of the binding activity measured. In the case of diesel vehicle exhausts, the majority of the dioxin-receptor binding activity was found to be associated with nitro-polycyclic aromatic compounds. Studies with a variety of diesel fuels showed that the amount of dioxin-receptor ligands present in exhaust emissions are fuel-dependent and that substantial amounts of dioxin-receptor ligands are present in the semivolatile phase of exhaust emissions. -Environ Health Perspect 102(Suppl 4): 111-116 (1994).
Introduction
Bound to particles found in urban air is a highly complex mixture of organic compounds, many of which are produced during the incomplete combustion of organic matter such as from the burning of fossil fuels and from motor vehicle exhausts. The adverse health effects of these compounds is known only partly.
In man and other mammals, metabolism of these compounds in the tissues can have one of two effects. On one hand, metabolism may lead to products that are relatively nontoxic and are cleared from the body rapidly. On the other hand, even though it may represent a minor metabolic pathway for the compounds in question, many of these compounds are metabolized to a more chemically reactive species capable of reacting with cellular macromolecules such as DNA (e.g., the metabolism of benzo [a] pyrene to benzo[a]pyrene-7,8-diol-9, 10-epoxide) (1) . Such metabolic activation is a key step in the sequence of events leading to genotoxicity and carcinogenicity (2) . With regard to polycyclic aromatic compounds (PACs), two cytochrome P450 isozymes, P450IA1 and P450IA2 (3) , preferentially catalyze this activation, and their activity generally is known as aryl hydrocarbon hydroxylase (AHH) (4) .
One of the most commonly studied effects of the PACs is their ability to induce AHH (4, 5) . Thus, these compounds are capable of inducing their own metabolism as well as that of related compounds. Although this induction can lead to increased toxicity such as the increased formation of benzo[a]pyrene adducts, the effects of AHH induction on PAC toxicity are complex, depending upon the PAC in question and its route of administration, bioavailability and target organ. Thus, induction of AHH, per se, may play a role in the mechanism of toxicity and carcinogenicity of the nonhalogenated PACs that are metabolized extensively by this monooxygenase system to chemically reactive species capable ofbinding to cellular macromolecules.
Studies have shown that AHH induction is due to an increased rate of transcription of the cytochrome P450 gene(s) in question (6) (7) (8) . It is believed that the PACs elicit these effects through initial binding to the receptor protein that specifically binds the environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the dioxin receptor (otherwise termed the Ah receptor) (6, 7, (9) (10) (11) (12) . The binding of PAC or TCDD to the dioxin receptor results in a ligand-dependent transformation of the receptor to an activated receptor-ligand complex that translocates to the cell nucleus. In that position, it subsequently interacts with specific nudear components to affect transcriptional regulation of target genes (6, 7, 9, 11, 12) , induding cytochrome P450IA1. Induction of AHH correlates well with the inducers affinity for the dioxin receptor, both in vivo and in vitro (9, (13) (14) (15) .
The highly toxic halogenated PACs such as chlorinated dibenzo-p-dioxins and dibenzofurans only are metabolized slowly to relatively nontoxic metabolites, which are rapidly cleared from the body (9) . Many of the parent compounds, however, share a common characteristic spectrum of toxic effects including thymic involution, teratogenesis (e.g., cleft-palate formation), tumor promotion, and the stimulation of epidermal cell proliferation and differentiation, leading to chloracne in humans (9) . A number of nonhalogenated PACs also have been shown to produce some of these toxic effects in model systems (16) (17) (18) (19) . Importantly, it is apparent that these toxic effects of the halogenated and nonhalogenated PACs are dioxin-receptor mediated. Thus, it is evident that the determination of a compound's dioxin-receptor binding affinity and its ability to induce activation of the receptor to its DNA-binding state, allowing it to regulate target genes, would provide a measure of its potential for eliciting the toxic effects associated with this large group of compounds.
Methods
During the Swedish Urban Air Project, we determined the ability of various sample extracts to bind to the dioxin receptor. The dioxin-receptor binding affinities of samples were measured using an hydroxylapatite assay developed in our laboratory (20) Having demonstrated the presence of dioxinreceptor ligands in association with urban air particulate material, it was important to know whether these ligands could elicit biological effects. Therefore, the ability of particle extracts to induce the enzyme system AHH in the rat hepatoma cell line H4IIE was investigated. H4IIE cells were treated with extracts of particulate matter from urban air, vehicle exhaust, and pure compounds known to be present in such extracts (22) . The results obtained are given in Table 1. AHH activity in the H4IIE cell line could be induced by extracts (23, 25, 26) . The dioxin-receptor binding activity of the fractions (Figure 3 Dioxin-receptor binding activity was elicited by all the fractions of the urban air particulate extract. The highest dioxinreceptor binding activity was associated with fraction II, which contains the majority of PACs, members of which are presumed to be responsible for the observed receptor binding. Considerable activity also was seen in fraction IV, which contains more polar dinitro-and oxygen-containing PACs. However, the chemical identity of the compounds that contribute to the activity of this fraction is not known.
Somewhat similar results were seen for the gasoline emission extract. The highest dioxin-receptor binding activity was observed again in fraction II, with some activity also in the later fractions. If it is assumed that the PACs determined in fraction II In the case of the diesel emission extract, more than 85% of the measured activity was present in fraction III, which contains the majority of nitro-PACs. Fraction II elicited only approximately 10% of the determined dioxin-receptor binding competition, the remaining minor activity was in fraction IV.
Recently, fraction II has been subfractionated further on the basis of molecular size. This took place in initial experiments designed to determine more precisely which compounds in these extracts are responsible for the observed dioxin-receptor binding competition (26) . Fraction II was divided into seven subfractions (Table  2) . Although more than 90% of the PACs detected in the subfractions was found in fractions II-1 to II-4, the greatest dioxinreceptor binding competition was seen in fractions II-5 and 11-6. Although these two fractions contain PACs that are a size expected of good dioxin-receptor ligands (27) , it is not known whether the PACs Figure 5 . Effect of different fuel preparations on the dioxin-receptor binding activities of particulate emission extracts from a diesel-fueled truck (35) . D8 (p<0.05), but it was not significantly different from those of the remaining fuels.
The IC 50 values for dioxin-receptor binding competition of the particulate phase exhaust emissions from the truck are shown in Figure 5 . It was observed that fuel D6 once again produced the emission with the highest receptor binding affinity with an IC50 of 0.04 m driving distance/ml. In contrast to that seen with the bus, there were no significant differences between any of the fuels with regard to the receptor binding competition IC50 of their emissions from the truck. However, only a 2-fold variation in IC50 values was observed in the samples from the truck. The IC50 values for dioxin-receptor binding competition of particulate associated emission products in this study compare favorably with those determined in previous studies of both diesel-and gasoline-fueled exhaust emissions.
From the data derived from the bus experiment where there was a greater spread in the IC50, it was observed that there was a gross correlation between the affinity of an exhaust sample for the dioxin receptor and the PAC content of the sample for the original fuel sample. Fuels with high PAC content gave rise to particulate emissions with high PAC contents and high dioxin-receptor binding activities and vice versa; fuels with low PAC content gave rise to emissions with lower PAC contents and lower dioxin-receptor binding activities. This observation is not surprising DI D2 D4 D5 DO D7 D8 DO Fuel Figure 6 . Effect of different fuel preparations on the dioxin-receptor binding activities of semivolatile emission extracts from a diesel-fueled bus (35) .
because it is generally believed that compounds of the PAC-type are responsible for the binding activities. All fuel and emission data were subjected to multivariate analysis in this study (28). This analysis revealed that a major factor correlating with the biological effect of emissions (dioxin-receptor binding, Ames test) was the PAC content of the fuel. However, it is not certain which compounds are responsible for the dioxin-receptor binding activity elicited by vehicle exhaust particulate extracts. It is probably not because of dibenzo-p-dioxins or related compounds because the levels of these compounds are too low to produce the observed receptor binding activities (29) .
The IC50 values for the dioxin-receptor binding competition of the semivolatile phase exhaust emissions from the bus are shown in Figure 6 . Dioxin receptor binding activity was observed in all the samples except that from fuel D7 (IC50>0.5 m/ ml). phase of diesel exhaust emissions. This was a surprising result because it was expected that compounds emitted in this phase would be of lower molecular weight and size than good ligands to the dioxin receptor. The majority of any ligand of the correct size was expected to appear in the particulate phase. It has been shown that, characteristically, good ligands for the dioxin receptor are planar molecules that, when their atomic van der Waals radii are included, fit into a rectangle of 6.8 x 13.7 A (27) . Such compounds might be expected to have a low volatility and then would appear to a much greater degree in the particulate phase. Indeed, the majority of larger PACs were found in the particulate phase, whereas the smaller 2-and 3-ringed PACs were mainly in the semivolatile phase. It has been suggested, based on mathematical modeling of particle/vapor partitioning, that possibly 20 to 60% of TCDD in ambient air would exist in the vapor phase (30) . Indeed, it has been reported that tetra-and pentachlorinated dioxins and dibenzofurans pass through glass fiber filters during urban air sampling (31) . It will be of interest to identify those compounds present in the semivolatile phase with affinity for the dioxin receptor.
Discussion
Extracts of particulate material collected from urban air have been shown to contain compounds capable of binding to the dioxin receptor. Furthermore, these extracts have been shown to be capable of eliciting a receptor-mediated biological effect in cultured cells, namely, the induction of AHH activity. Thus, it is demonstrated that compounds present in these extracts have the potential to elicit the dioxin-receptor mediated effects discussed above.
It is not fully known which compounds in these extracts are responsible for the observed dioxin-receptor binding. Initial studies have shown that for extracts of ambient air particulates only 1 to 30% of the measured dioxin-receptor binding activity could be accounted for and that perhaps nitro-compounds do not contribute in any major way. A number of urban air particulate samples were collected in the presence of increased concentrations of reactive gases to investigate the effect of chemical transformation on dioxin-receptor binding and mutagenicity (21) . Studies had shown that certain nitro-PACs have high affinities for the dioxin receptor (32) . However, the presence of increased concentrations of nitrogen dioxide, nitrous acid, nitric acid, or ozone had no effect on the dioxin-receptor binding activities determined. Thus, although nitro-PACs are present in these extracts, they do not appear to be the major dioxin-receptor binding species in extracts of urban air particulate samples.
Although most of the receptor binding associated with the major PAC-containing fraction in the case of a fractionated particulate extract from gasoline emissions could be accounted for, a substantial amount of receptor binding activity present in the other fractions could not be accounted for.
In contrast to what is seen for ambient air particulates, it would appear that for diesel particulate emission extracts the large majority of dioxin-receptor binding activity resides with nitro-derivatives of the PAC. A comparison of gasoline and diesel exhaust emissions with respect to nitro-PAC shows that the latter contains 100-to 1000-fold more of these compounds (33, 34) . Moreover, a number of mononitro-PACs have been shown to bind with high affinities to the dioxin receptor (29) , and nitro-PACs have been shown to cause induction of AHH activity (35) . This may account for the different profiles of receptor binding across the fractions for gasoline and diesel exhaust emissions. Which of these compounds elicits the dioxin-receptor affinity associated with the environmental samples is, however, primarily unknown. Thus, more detailed fractionation studies are required to elucidate the most potent dioxin-receptor ligands in these extracts. Then we would know on which compounds to focus future toxicity and risk assessment studies.
Finding substantial dioxin-receptor binding activity in the semivolatile phase of diesel-fueled vehicle emissions is important. By concentrating our efforts on particulate-associated PAC and their derivatives, we may be underestimating the burden of these compounds in our environment grossly. It will be of interest to determine the identity of the dioxin-receptor ligands in the semivolatile phase.
As the dioxin-receptor binding assay gives results that can be related to a given amount of TCDD, it is possible to express the results obtained with complex samples as TCDD equivalents. This method of expressing results has been validated for use with complex mixtures of halogenatedPACs (36) . However, as the nonhalogenated PACs are metabolized and cleared from the body much more rapidly, using TCDD equivalents probably has little relevance to estimating the potential toxicity of mixtures of these compounds. The use of a model nonhalogenated PAC as a standard against which to compare potencies would be of greater relevance in this case. More information concerning the dioxin-receptor binding affinities and the toxicities of PACs occurring in association with urban particulate matter is required before a suitable prototype compound can be chosen.
In condusion, the dioxin-receptor binding assay is a useful tool for screening samples for potentially toxic compounds acting through the dioxin receptor. It also compliments other short-term toxicity tests that detect potential toxins with differing mechanisms of action.
